The principal site for elimination of propofol is the liver. The clearance of propofol exceeds hepatic blood flow; therefore, extrahepatic clearance is thought to contribute to its elimination. This study examined the pulmonary kinetics of propofol using part of an indocyanine green (ICG) recirculatory model. 
THE liver is assumed to be the primary site for elimination of propofol from the body. However, the total-body clearance of propofol has been shown to exceed hepatic blood flow 1 after a bolus dose followed by an intravenous infusion. Extrahepatic elimination of propofol in humans has been demonstrated by Veroli et al. 2 during the anhepatic phase of orthotopic liver transplantation. These findings suggest that extrahepatic mechanisms contribute to the clearance of propofol from blood. It is still unknown which organs are responsible for the extrahepatic elimination, but in all likelihood, these organs receive a significant portion of the cardiac output (CO); possible candidates are the kidneys and lungs. 3 Pulmonary uptake can play an important role in the initial availability of propofol. Pulmonary uptake of propofol is significant in humans. 4 In cats, the first-pass pulmonary uptake of propofol was 60% of the dose and was independent of mechanical ventilation but dependent on halothane administration and pretreatment with fentanyl. 5 Conventional compartmental models have been used extensively for determination of the pharmacokinetics of propofol. 1, 6, 7 However, these models cannot identify pulmonary elimination or describe the extent of pulmonary uptake, both of which may affect the initial availability of propofol. In contrast, recirculatory models are capable of discriminating between the central organs (including heart and lungs) and the peripheral organs and between intravascular and extravascular pharmacokinetics. 8, 9 In a recent study, we showed that a recirculatory model can be used to describe the pulmonary uptake of alfentanil in pigs. 10 Therefore, recirculatory models should be able to describe the pulmonary uptake of propofol and identify pulmonary clearance, if present. The objective of the present study was to describe the pulmonary uptake and pulmonary first-pass elimination of propofol in sheep using the central part of a recirculatory model for indocyanine green (ICG) extended with a pulmonary compartment.
Materials and Methods

Experimental Protocol
The local Committee for Experiments on Animals approved the study, which included 10 female sheep that weighed approximately 50 kg and were used solely for this study. Experiments were performed in the Laboratory of Large Animals at the Leiden University Medical Center. After full recovery, the animals were returned to the farm from which they were obtained.
The sheep were instrumented during general anesthesia 1 day before the experiment. Two 8-gauge cannulae (Vygon, Ecouen, France) were introduced into the right internal jugular vein and advanced into the right atrium. These cannulae were used for central venous drug injection of ICG and propofol. A third cannula was introduced into the carotid artery, advanced into the aortic root, and used for arterial blood sampling. After completion of the experiments, the catheters were removed, again during general anesthesia, on the same day or the day after the experimental day.
On the experimental day, the sheep were immobilized in hammocks in the stable. The pharmacokinetics of ICG and propofol were studied after a bolus injection. After connecting the catheter in the aortic root to the sampling device, propofol was given simultaneously with ICG. The ICG injectate was prepared by mixing 3 ml ICG (25 mg) and autologous blood to obtain the same volume as the volume of propofol that was to be injected. One milliliter of the ICG mixture was stored for later measurement of the injectate concentration, and the remainder was placed in a 20-ml syringe. The propofol (20 mg/ml) dose used was 4 mg/kg. 11 The syringes used for ICG and propofol were weighed before and after injection to allow calculation of the injected volumes. Before and 10 min after drug injection, an arterial blood gas sample was taken for analysis of ventilation adequacy.
Blood samples were obtained from the aortic root. Fast sampling was accomplished with the aid of a specially constructed computer-driven syringe pump. The sampling volume was 1.5 ml, which equals the dead space of the volumes in the catheters and the extension lines to the sampling device. Blood samples were collected in an automatically rotating fraction collector containing heparinized tubes. Sampling started at 3 s before injection of the drugs (blank sample) and continued for 10 min after ICG injection. When the time between the samples was more then 3 s, a waste sample was withdrawn in the seconds before the actual blood sample was taken. Blood samples were obtained at 3-s intervals during the first minute and at 10-s intervals during the second minute. Thereafter, samples were taken at 2.5, 3, 4, 7, and 10 min. Before the experiments, a 20-ml blood sample was drawn for construction of the calibration curves of ICG and propofol.
Analytical Methods
The concentrations of both ICG and propofol were measured on the experimental day in the Anaesthesia Research Laboratory at Leiden University Medical Center. ICG was measured spectrophotometrically at 805 nm. The limit of detection was 1 g/ml, and the coefficient of variation was 2.6 -3.9% for the relevant range of concentration. For each experiment, a reference line was constructed from whole blank blood from the sheep and known amounts of ICG. Whole-blood concentrations of propofol were determined using high-performance liquid chromatography. Details of the analysis of propofol are described in the appendix.
Data Analysis
Blood concentrations were analyzed using a recirculatory model for ICG ( fig. 1A ) 8 and the central part of this recirculatory model for propofol ( fig. 1B ). In the recirculatory model, the assumption is that ICG is confined to the intravascular space and defines the intravascular kinetics of other substances injected simultaneously. Using the ICG model, CO and its distribution between the parallel central and peripheral circuits were determined. Before returning to the central circulation, the CO distributes over numerous pathways on entering the peripheral circulation. Two peripheral pathways were necessary for the modeling of ICG, one fast and one slow. The model was fitted to the data by fitting two Erlang functions through the ICG first-pass concentration-time data. The parameters obtained from this initial fit were then entered into the computer program (SAAM II; SAAM Institute, Seattle, WA), which performed the remainder of the fitting procedure. The shape of the firstpass concentration-time curve of ICG (i.e., data before evidence of ICG recirculation as judged by examining the linear descending part of the first-pass curve when concentrations were plotted on a logarithmic scale) was described by the following equation 13 :
where n 1 and n 2 are the numbers of compartments in series in the central delay elements; k 1 and k 2 are the rate constants between the compartments in series; n 1 /k 1 An Erlang function represents the convolution of n one-compartment models connected in series. The two Erlang functions were fitted to the data using the solver function in Quattro Pro (Borland, Scotts Valley, CA). The data were weighted uniformly during the first-pass fitting. The parameters obtained from the Erlang functions were used as fixed parameters in a complete recirculatory model for ICG. The model included parallel fast and slow peripheral nondistributive circuits (characterized by V ND_f and Cl ND_f , and V ND_s and Cl ND_s , respectively) and elimination clearance (Cl El ; fig. 1A ). The CO of the sheep was determined by dividing the dose of ICG by the area under the first-pass concentration-time curve (A 1 ϩ A 2 ).
The model for propofol consisted of two parts: the first-pass intravascular part, which is identical to that of ICG, and a pulmonary tissue compartment. The ICG parameters for the parallel fast and slow central compartments (V C_f and V C_s ; together they give the central blood volume in heart and lungs [V C ]) were used as fixed parameters in the propofol model and transported into SAAM II, which performed the fitting procedure for the pulmonary uptake and elimination ( fig. 1B) . The difference in first-pass concentration-time curves of ICG and propofol must be a result of pulmonary uptake or elimination. Therefore, parameters characterizing the uptake or elimination must be able to describe the difference between first-pass ICG and propofol. Only propofol data before evidence of recirculation, as judged in the same way as for ICG, were used.
Statistics
Differences in blood gas values were tested with a paired t test, and the criterion for rejection of the null hypotheses was P Ͻ 0.05. Data are summarized as mean Ϯ SD unless otherwise specified. Relationships between CO and pharmacokinetic parameters of ICG and propofol were examined with standard linear regression.
Results
The weight of the sheep was 47.2 Ϯ 1.9 kg. All sheep became unconscious after injection of propofol, and most developed apnea for 1-3 min that required ventilation by mask; all regained consciousness within 5 min. Arterial oxygen partial pressure and hemoglobin concentrations were not significantly different before and after propofol injection. Arterial carbon dioxide partial pressure was increased after injection of propofol (table 1) .
Pharmacokinetic parameters of ICG for all 10 sheep as determined with the recirculatory model are shown in table 2. By definition, the sum of flows through the nondistributive peripheral compartments and the elimination clearance of ICG equal the CO. The distribution volume at steady state (V ss ), V C , and the fast peripheral blood flow (Cl ND_f ) were correlated with CO (table 2) .
The concentration-time curves of ICG and propofol during the first 2 min in one sheep are shown in figure  2 . First-pass fits for ICG and propofol for one sheep are shown in figure 3 . The propofol data were first examined using the propofol model ( fig. 1B) without the possibility of lung elimination. The only difference with the central ICG model was the lung compartment. Using this model, SAAM II was incapable of performing a good fitting procedure; all "fitted" concentrations were higher than the measured concentrations. When the possibility of lung elimination was added to the propofol model, it resulted in a good description of the measured concentrations ( fig. 3) . The first-pass fits of ICG and propofol for all 10 sheep are shown in figure 4 . The first-pass kinetic data of propofol for the 10 sheep, as determined with the central part of the recirculatory model, are shown in table 3. CO and V C are (by definition) the same for propofol and ICG, and the differences in the first-pass concentration-time curves of ICG and propofol are a result of pulmonary uptake and elimination. Propofol 
Discussion
We demonstrated significant first-pass pulmonary uptake and elimination of propofol in sheep after a bolus dose of propofol. The pulmonary uptake and pulmonary elimination of propofol were detected using the central part of a recirculatory model for ICG extended with a pulmonary compartment for pharmacokinetic analysis. We also demonstrated correlations between CO and the ICG model parameters, V ss , V C , and Cl ND_f of a recirculatory model.
In this study, we were not capable of describing the whole recirculatory model for propofol because concentrations rapidly became undetectable. Consequently, it is theoretically impossible to discriminate between elimination in the lung and distribution into a deep lung compartment. However, for propofol, pulmonary elimination is more likely to occur in sheep than distribution into a deep lung compartment. This is supported by a study in sheep performed by Mather et al.,
14 who detected a pulmonary arterial-aortic concentration gradient and undetectable propofol concentrations in lung tissue. The elimination of propofol from the pulmonary compartment was 1.14 l/min. Mather et al., 14 using a mass-balance approach, also found a significant pulmonary clearance of 1.21 Ϯ 1.47 l/min that varied enormously among sheep.
Sheep were chosen for this study because they easily accept immobilization, which was required to allow blood sampling without additional anesthesia. Because blood loss to a maximum of 8 ml/kg is well tolerated 15 and sheep of 45-55 kg were used in the experiments, no problems with changes in blood volume occurred.
The relationship between ICG model parameters and CO confirms earlier results of a study performed in pigs that received a bolus dose of ICG and alfentanil. 10 In the present study, only Cl ND_f was related to CO, and the slow peripheral blood flow (Cl ND_s ) was independent of CO. Cl ND_s is considered to represent the splanchnic circulation, 8 and these results indicate that in the limited range of CO values observed in this study, splanchnic blood flow is a constant independent parameter. In the earlier study in pigs, 10 we found a relation between the Cl ND_s and CO, which is not confirmed in this study. This difference may be a result of the experimental setting, because the experiments in pigs were performed during anesthesia, and CO was pharmacologically manipulated to obtain a wide range of CO values. Anesthetics may influence the peripheral blood flow distribution.
Metabolic processes control the clearance of propofol from the body, with the liver being the principal eliminating organ. 3 Total hepatic blood flow is assumed to approximate 25% of the CO in most animal species under resting conditions. 16 This is in all likelihood also true for our sheep, because the mean CO was 3.9 l/min, and blood flow through the slow peripheral blood compartment, representing splanchnic blood flow, was 0.81 l/min (21%). The total clearance of propofol often exceeds hepatic blood flow, as has been observed in patients. 6 This can only be explained by extrahepatic clearance. Cockshott 3 suggested that because extrahepatic clearance contributes significantly to total propofol clearance, it must take place in an organ receiving a significant fraction of the CO, e.g., the kidneys, lungs, or blood/plasma. The present study confirms this suggestion, at least in sheep.
In a study by Simons et al., 17 88% of the dose of propofol was recovered in urine as hydroxylated and conjugated metabolites. Although glucuronidation is the main metabolic pathway of propofol excretion, hydroxylation by cytochrome P450 enzymes has also been shown to be involved in the metabolism of propofol. 18 Both hydroxylation and glucuronidation are possible pathways for lung metabolism. Veroli et al. 2 have shown that extrahepatic glucuronidation of propofol occurred during anhepatic phase of orthotopic liver transplantation in humans. Pulmonary hydroxylation has been suggested by an in vitro study that showed lung and liver biotransformation of propofol to be almost equally fast in rabbits, while both were reduced by an inflammatory reaction. 19 The fact that the activity of cytochrome P450 is inhibited by an inflammatory reaction 20 suggests that cytochrome P450 is involved in the metabolism of propofol in the liver and the lungs. The contribution of pulmonary elimination to the total clearance of propofol can be significant, as our results show, even if the intrinsic clearance by the lungs is relatively small compared with that of the liver. 21 The lungs receive the total CO, whereas the liver receives only a fraction. Theoretically, propofol, a relatively volatile substance, might also be removed from the lungs by exhalation. However, this pathway is speculative and remains to be investigated.
If a conventional two-or three-compartment model is used for pharmacokinetic analysis, it is not possible to distinguish between elimination by the liver, lungs, kidneys, or other sites. Distinguishing between these different elimination sites is only possible with a physiologic model, allowing investigation of individual organs. A recirculatory model can discriminate between the central part of the body (lungs and heart) and the peripheral part of the body, and it can discriminate between intravascular and extravascular parts of the body. Thus, this model can be valuable when a more precise identification of kinetic processes is required. It allowed us to examine whether elimination of propofol occurs in the lungs without the need for pulmonary artery sampling.
In our model for propofol, we included pulmonary uptake and pulmonary elimination. The first-pass concentration-time curves of propofol were first fitted using a model that only allowed pulmonary uptake into a single pulmonary compartment. Using such a model, SAAM II was incapable of performing a good fitting procedure; all fitted concentrations were higher than the measured concentrations. Including the possibility of pulmonary elimination (or removal into a deep lung compartment) from the lung compartment resulted in a good first-pass fit of propofol.
The first-pass pulmonary uptake of propofol in cats was 60%. 5 That study, using a double-indicator dilution method, did not distinguish between uptake and elimination of propofol and showed a significant effect of halothane and pretreatment with fentanyl, but not of mechanical ventilation, on the pulmonary kinetics of propofol. In the present study, we avoided possible influences of comedication and ventilation on the firstpass pulmonary uptake and elimination of propofol by studying awake, immobilized sheep. For this reason, we decided to give a single induction dose of propofol, which made it impossible to describe propofol pharmacokinetics for the peripheral part of the recirculatory model in the same study, because propofol concentrations rapidly decreased below the detection limit.
Other methods that have been used for determining pulmonary uptake have some major disadvantages. Both arterial and pulmonary arterial concentrations are needed for system dynamics analysis of pulmonary uptake. 22, 23 This is technically and ethically difficult in many patient groups and volunteers. For the recirculatory modeling method, only arterial samples are needed. The other method used frequently for the study of firstpass lung uptake, the double-indicator dilution technique, can only be used to describe the first-pass period. In contrast, the recirculatory modeling method may be used to model pulmonary uptake beyond the first-pass period. Krejcie et al. 24 used a recirculatory model for the pulmonary uptake of lidocaine and suggested a method for reasonably estimating the pulmonary disposition kinetics when arterial first-pass pulmonary uptake kinetics are obscured by recirculation.
We have applied the central part of the recirculatory model of ICG for describing pulmonary kinetics of propofol by adding a pulmonary tissue compartment, from which we allowed clearance of propofol, to the first-pass model of ICG. In our experimental setting, we were not capable of discerning between pulmonary clearance of propofol or distribution of propofol into a deep-tissue compartment. However, the results described here and those from the study by Krejcie et al. 24 show that recirculatory models can be useful for describing pulmonary kinetics.
